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Mycoplasma agalactiae, an important pathogen of small ruminants, exhibits a very versatile surface archi-
tecture by switching multiple, related lipoproteins (Vpmas) on and off. In the type strain, PG2, Vpma phase
variation is generated by a cluster of six vpma genes that undergo frequent DNA rearrangements via site-
specific recombination. To further comprehend the degree of diversity that can be generated at the M. agalactiae
surface, the vypma gene repertoire of a field strain, 5632, was analyzed and shown to contain an extended
repertoire of 23 vpma genes distributed between two loci located 250 kbp apart. Loci I and II include 16 and
7 vpma genes, respectively, with all vpma genes of locus II being duplicated at locus I. Several Vpmas displayed
a chimeric structure suggestive of homologous recombination, and a global proteomic analysis further indi-
cated that at least 13 of the 16 Vpmas can be expressed by the 5632 strain. Because a single promoter is present
in each vpma locus, concomitant Vpma expression can occur in a strain with duplicated loci. Consequently, the
number of possible surface combinations is much higher for strain 5632 than for the type strain. Finally, our
data suggested that insertion sequences are likely to be involved in 5632 vpma locus duplication at a remote
chromosomal position. The role of such mobile genetic elements in chromosomal shuffling of genes encoding
major surface components may have important evolutionary and epidemiological consequences for pathogens,

such as mycoplasmas, that have a reduced genome and no cell wall.

Bacteria of the Mycoplasma genus belong to the class
Mollicutes and represent a remarkable group of organisms
that derived from the Firmicutes lineage by massive genome
reduction (41, 51). Consequent to this regressive evolution,
modern mycoplasmas have been left with small genomes
(580 to 1,400 kb), a limited number of metabolic pathways,
and no cell wall. Due to these particularities, members of
the Mycoplasma genus have often been portrayed as “min-
imal self-replicating organisms.” Despite this apparent sim-
plicity, a large number of mycoplasma species are successful
pathogens of humans and a wide range of animals, in which
they are known to cause diseases that are often chronic and
debilitating (1, 33). The surface of their single membrane is
considered a key interface in mediating adaptation and survival
in the context of a complex, immunocompetent host (10, 13,
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34, 40). Indeed, mycoplasmas possess a highly versatile surface
architecture due to a number of sophisticated genetic systems
that promote intraclonal variation in the expression and struc-
ture of abundant surface lipoproteins (9, 50). Usually, these
systems combine a set of contingency genes with a molecular
switch for turning expression on or off that is based on either
(i) spontaneous mutation (slipped-strand mispairing), (ii) gene
conversion, or (iii) specific DNA rearrangements (9). While
high-frequency phenotypic variation using the two first mech-
anisms has been described thoroughly for other bacteria (47),
switching of surface components by shuffling of silent genes at
a particular single expression locus has been studied mainly in
mycoplasmas (3, 8, 14, 16, 23, 39, 43).

Mpycoplasma agalactiae, an important pathogen responsi-
ble for contagious agalactia in small ruminants (listed by the
World Organisation for Animal Health), possesses a family
of lipoproteins encoded by the vpma genes for which phase
variation in expression is driven by a “cut-and-paste” mech-
anism involving a tyrosine site-specific recombinase desig-
nated Xerl (16). Data previously gathered with the PG2
type strain identified a single vpma cluster (42) composed of
six ypma genes adjacent to one xer! gene (Fig. 1A). Based on
fine genetic analyses, Xerl was further shown to mediate
frequent site-specific DNA rearrangements by targeting
short DNA sequences located upstream of each vpma gene
(8, 16). While some vpma rearrangements can be phenotyp-
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FIG. 1. Comparison of M. agalactiae vpma loci between the PG2 type strain and strain 5632. Schematics represent the organization of the vpma
loci in clonal variant 55.5 derived from PG2 (16, 42) (A) and in clonal variant c1 derived from strain 5632 (B). (C) Counterpart of locus I3, in
PG2 showing the absence of vpma genes in this region. (D) The presence of two distinct loci in 5632 was confirmed by PCR, using the primer pair
xerF-phydR or xerF-agpR, and the resulting amplicons are shown. The locations of the primers are indicated by arrowheads in panels A, B, and
C. Large white arrows labeled with letters represent Vpma CDSs. The positions of the promoters are represented by black arrowheads labeled “P.”
The two non-Vpma-related CDSs (abiG, and abiG ;) are indicated by large arrows filled with a dotted pattern. ISMag! elements are indicated by
hatched boxes. Recombination sites downstream of each vpma gene are indicated by black dots. An asterisk indicates that the corresponding vpma
gene is present at two distinct loci. Schematics were drawn approximately to scale. HP, hypothetical protein; CHP, conserved hypothetical protein.
Small letters and bars indicate the positions of short particular sequences mentioned in the text and in Fig. 3 and 4. The pictures on the left side
of panels A and B illustrate the variable surface expression of Vpma, as previously described (8, 17). These correspond to colony immunoblots
using Vpma-specific polyclonal antibodies recognizing PG2 VpmaW (a« W) and VpmaY (« Y) epitopes.
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ically silent, others result in Vpma on-off switching by link-
ing a silent vypma gene sequence immediately downstream of
the unique vpma promoter. Because site-specific recombi-
nation can be reciprocal, the initial vpma configuration can
be restored without a loss of genetic information.

The vsa family of the murine pathogen M. pulmonis (3, 39),
the vsp family of the bovine pathogen M. bovis (2, 24), and the
vpma family of M. agalactiae all generate intraclonal surface
diversity by using very similar molecular switches (23), al-
though their overall coding sequences seem to be specific to
the Mycoplasma species. DNA rearrangements also govern
phase variation of the 38 mpl genes of the human pathogen M.
penetrans (27, 35, 38). However, in this mycoplasma species the
molecular switch is slightly different, since each mpl gene pos-
sesses its own invertible promoter (19). In M. penetrans, the
individual expression of each mpl gene can then be switched on
and off in a combinatory manner, resulting in a large number
of possible Mpl surface configurations. Since M. pulmonis, M.
bovis, and M. agalactiae all belong to the Mycoplasma hominis
phylogenetic cluster (48) and are relatively closely related,
while M. penetrans belongs to the distinct Mycoplasma pneu-
moniae phylogenetic cluster (30, 48), it is tempting to speculate
that the vsa, vsp, and vpma systems were all inherited from a
common ancestor and that the bulk of their coding sequences
evolved independently in their respective hosts while the mo-
lecular switch mechanism was retained.

In so-called “minimal” bacteria, the occurrence of relatively
large genomic portions dedicated to multigene families, with
genes encoding phase-variable, related surface proteins, sug-
gests that they serve an important function(s). Data accumu-
lated over the years for several mycoplasma species tend to
indicate that one general purpose of these systems is to provide
the mycoplasma with a variable shield that modulates surface
accessibility in order to escape the host response and to adapt
to rapidly changing environments (10, 11, 13, 40, 50). On the
other hand, the sequences of phase-variable proteins are rel-
atively conserved within one species but divergent between
species, suggesting a more specific role for these molecules.

The role of the Vpma family of M. agalactiae has yet to be
elucidated, but it was recently shown that Vpma switches in
expression occur at a remarkably high rate in vitro (1072 to
1072 per cell per generation) (8, 17). The vpma systems de-
scribed for PG2 (16) and another M. agalactiae strain, isolated
in Israel (in which Vpmas were designated Avg proteins [14]),
both revealed a repertoire of six vpma genes and only one
promoter, suggesting that in M. agalactiae the number of Vpma
configurations is limited to six. This contrasts with the situation
commonly found in other Mycoplasma variable systems, which
can offer a larger mosaic of surface architecture because of the
concomitant switches of several related surface proteins and/or
because of a larger number of phase-variable genes.

To further understand the degree of diversity that can be
generated at the surface of M. agalactiae, we analyzed the
vpma gene content of a field strain, 5632, whose genome was
recently sequenced by our group (unpublished data). The
present study shows that 5632 contains a total of 23 vpma
genes distributed in two distinct loci that both contain a
recombinase gene. Further genomic and proteomic analyses
indicated that the capacity of 5632 to vary its Vpma surface
architecture is far more complex than that described for the
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type strain. Unlike the case for PG2, both 5632 vpma loci are
associated with several mobile genetic insertion elements
(IS) that could play an evolutionary role in the dynamics of
vpma repertoires, as suggested by data presented here. One
5632 vpma locus contains open reading frames (ORFs) that
are highly conserved in both M. bovis, a closely related
bovine mycoplasma, and the phylogenetically distant myco-
plasmas of the M. mycoides cluster, which are also important
ruminant pathogens. Whether these were acquired through
evolution or through horizontal transfer is discussed. The
present study reveals an additional degree of complexity for
the Vpma system and further suggests that some field strains
might have more dynamic genomes and a more variable
surface than was first estimated (42).

MATERIALS AND METHODS

Bacterial strains, culture conditions, and DNA isolation. M. agalactiae type
strain PG2, clone 55.5 (16), and strain 5632, clonal variant C1 (26), have been
described previously. These strains were isolated independently from goats in
Spain. The experiments reported here were all performed with these clonal
variants, but for simplicity, we refer to them as strains PG2 and 5632 only. M.
agalactiae field isolates were kindly provided by F. Poumarat (AFSSA, Lyon,
France) (see Table S1 in the supplemental material). Mycoplasmas were prop-
agated in SP4 liquid medium (46) at 37°C, and genomic DNAs were extracted as
described elsewhere (7, 37).

Identification of M. agalactiae vpma and associated loci. Whole-genome se-
quencing of strain 5632 (clonal variant C1) was performed as follows. A library
of 3-kb inserts (library A) was generated by mechanical shearing of the DNA
followed by cloning of the blunt-ended fragments into the pcDNA2.1 (Invitro-
gen) Escherichia coli vector. Two libraries of 25-kb (library B) and 80-kb (library
C) inserts were generated by HindIII partial digestion and cloning into the
pBeloBACI11 (Caltech) modified E. coli vector. The plasmid inserts of 10,752,
3,072, and 768 clones picked from libraries A, B, and C, respectively, were end
sequenced by dye terminator chemistry on ABI3730 sequencers. The PHRED/
PHRAP/CONSED software package was used for sequence assemblies. Gap
closure and quality assessment were performed according to the Bermuda rules,
with 10,307 additional sequences. The vpma loci of strain 5632 were detected by
DNA homology to those previously described for PG2 (positions of the loci on
the 5632 genome are given with reference to the first nucleotide of the dnaA gene
as nucleotide [nt] 1) and were annotated using the CAAT-Box platform (15),
with the aid of Artemis software (36) and ACT software (5). The BLAST
program suite was used for sequence homology searches of nonredundant
databases (http://www.ncbi.nlm.nih.gov/blast/blast.cgi). In order to determine
the extent of sequence similarity, alignments between sequences were per-
formed using Needle (Needleman-Wunsch global alignment algorithm) and
Water (Smith-Waterman local alignment algorithm) (http://www.ebi.ac.uk
/Tools/emboss/align/) software. Designations of 5632 vpma genes were based
on local and global alignment scores, using all vpma gene sequences, including
those previously described for PG2. The same name was attributed to a vpma
gene presenting an amino acid sequence identity of >50% in the global align-
ment (Needle) and an amino acid sequence identity of >70% in the local
alignment (Water). Using these rules, strain 5632 was found to contain the
vpmaW and vpmaX genes also present in PG2. Also, distinct names were given
to vpmaY and vpmaF, although they displayed global identities of >50%, because
their local identities were <70%. vpma products with highly similar sequences
that differed only in the number of C-terminal repeats were considered allelic
versions and were designated with the same letter followed by different numbers
(i.e., VpmaD1 and VpmaD2 or VpmaF1 and VpmaF2). Finally, vpmal was not
considered an allelic version of vpmaD because the C-terminal repeated region
of its corresponding product displayed a local identity of 64.7% (<70%) with the
VpmaD1 and -D2 counterparts.

Direct sequencing of PCR products and of genomic DNA (18, 20) was per-
formed using specific primers (see Table S2 in the supplemental material) at the
sequencing facility of UMR 5165 (CNRS, UPS, CHU Purpan, Toulouse,
France).

Phylogenetic analyses were performed using MEGA 3.1 (21) and the neigh-
bor-joining tree method. The reliability of the tree nodes was tested by perform-
ing 500 bootstrap replicates.
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PCR assays. PCR assays were performed on an Eppendorf Mastercycler
ep-Gradient thermocycler, using 5 ng M. agalactiae DNA as a template and using
specific primers (see Table S2 in the supplemental material). PCR assays were
performed with 25-pl reaction mixtures containing a 0.4 mM concentration of
each primer, PCR buffer (with MgSO,; New England Biolabs) at a 1X final
concentration, a 200 mM concentration of each deoxynucleoside triphosphate,
and 2.5 U Taq DNA polymerase (New England Biolabs). Reaction mixtures were
subjected to 2 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C;
and a final elongation step of 5 min at 72°C. All PCR assays were performed at
the unique annealing temperature of 55°C, using primer pair xerF-phydR for
specific amplification of locus I, primer pair xerF-agpR or Mag2F-agpR for locus
II, primer pair aiplF-aipIR for the abiGI gene, and primer pair aip2F-aip2R for
the abiGII gene. PCR products were analyzed by gel electrophoresis on 1%
agarose gels.

Colony immunoblotting and proteomic analyses. Colony immunoblotting was
performed as previously described (8). Briefly, nitrocellulose membranes were
placed on mycoplasma colonies freshly grown on agar medium and then removed
and rinsed three times in TS buffer (10 mM Tris, 154 mM NaCl, pH 7.4).
Membranes were then incubated overnight at 4°C with previously described
rabbit Vpma-specific antibodies (8), washed three times in TS buffer containing
0.05% Tween 20 (Roth), and then incubated for 1 h at 25°C in a 1:2,000 dilution
of swine anti-rabbit immunoglobulin G conjugated to horseradish peroxidase
(Dako). After three washes, the colony blots were developed for 15 to 30 min in
4-chloro-1-naphthol and 0.02% hydrogen peroxide. The reaction was stopped by
washing the blots in sterile distilled water.

Proteins that partitioned into Triton X-114 were extracted from strain 5632 as
previously described (4), precipitated overnight at —70°C after the addition of 9
volumes of cold methanol, centrifuged for 10 min at 12,000 X g, and subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gel was sliced
into 16 sections which were subjected to trypsin digestion. Peptides were further
analyzed by nano-liquid chromatography coupled to ion-trap tandem mass spec-
trometry (LC-MS/MS).

Peptides were identified with SEQUEST through the Bioworks 3.3.1 interface
(Thermo-Finnigan, Torrance, CA), using a database consisting of both direct and
reverse-sense Mycoplasma agalactiae strain 5632 entries (1,652 entries). Using
the following criteria as validation filters, the false-positive rate was null: ACN =
0.1; Xcorr versus charge state, =1.5 (+1), 2.0 (+2), or 2.5 (+3); peptide prob-
ability, = 0.001; and number of different peptides, =2.

Nucleotide sequence accession numbers. The GenBank accession numbers for
locus Is43, and locus Ilsg3, are FP245515 and FP245514, respectively.

RESULTS AND DISCUSSION

Genome sequencing of strain 5632 reveals an extended vpma
repertoire. The fully sequenced genome of M. agalactiae strain
5632 revealed a total of 23 vpma genes (Fig. 1). In contrast to
the case for the PG2 type strain, this extended repertoire is
distributed on two distinct chromosomal loci, loci I and 11, that
contain 16 and 7 vpma genes, respectively. BLAST analyses
identified only two genes having significant similarity with
those previously described for PG2 (16, 42), namely, vprmaW
and vpmaX, with the others (vypmaA to vpmaG) only sharing
blocks of high similarity with PG2 vpma genes (Fig. 2).

More precisely, locus Isq5, is 19,453 bp long and is the
counterpart of the PG2 vpma locus (Fig. 1A) because of
their flanking coding sequences (CDSs) being nearly iden-
tical. In addition to 16 vpma genes, locus I545, contains two
CDSs (MAGa8140 and MAGa8130) that have no homology
with the Vpma family but were found to have high amino acid
similarity with Streptococcus agalactiae abiG, and abiG,; gene
products (45). The two corresponding genes are lacking in PG2
and were designated abiG and abiG |, respectively. Locus Is4,
further differs from its PG2 counterpart by the presence of an
IS element corresponding to the previously described ISMag!
(31). This IS element is immediately adjacent to the 3" end of
the integrase-recombinase xer! gene, whose product is iden-
tical to that in PG2.

J. BACTERIOL.

The second vpma locus of 5632, locus I1s45,, is 8,462 kb long
and contains only seven vpma genes clustered between two
ISMagl copies, themselves flanked by a 16S rRNA gene at the
5" end and by a CDS annotated as a hypothetical protein (HP)
gene (MAGa5900) at the 3" end. In PG2, this region is highly
conserved, except that it does not contain any IS element or
vpma or any other gene (locus Ilp5,) (Fig. 1C and below).
DNA BLAST analyses of locus Ils¢;, demonstrated that all
seven vpma coding sequences are identical to the seven vpma
genes of locus Ises, (Fig. 1B). Interestingly, an identical xer!
gene also occurs at both vpma loci of strain 5632. Since a single
functional gene would be sufficient to generate DNA rear-
rangements in each locus, the duplication was further con-
firmed by PCR to rule out any possible artifact of sequence
assembling. This was performed using a xer!-specific primer in
combination with a primer specific to the 3’ region of locus I
(phydR) or locus II (agpR) (Fig. 1D).

The Vpma repertoire is composed of common and distinct
structures. Detailed analyses of the 23 vpma coding regions of
strain 5632 showed that (i) 2 are allelic versions of PG2 vpma
genes (vpmaW and vpmaX), (ii) 7 are duplicated (vpmaA, -B,
-C,-D1, -D2, -E, and -FI) and distributed in two vpma loci that
are 250 kbp apart, and (iii) 2 are allelic copies of vpmaD
(vpmaD1 and -D2) and vpmaF (vpmaFI and -F2) that vary
mainly in the number of C-terminal repeat motifs. Conse-
quently, strain 5632 contains 12 new, distinct Vpma products
compared to PG2 (Fig. 2). All vpma gene products contain a
conserved amino acid signal sequence at the N terminus, fol-
lowed by a lipobox and an 11-amino-acid conserved sequence
(41). Within 5632, some mature vpma gene products are
unique (VpmaA, -G, and -W), while others share blocks of
amino acids between them (VpmaB, -C, -D1, -D2, -E, -F1, -F2,
-H, -1, -J, -K, -L, and -X). Also, most Vpmas contain amino
acid blocks that are directly repeated (VpmaA, -B, -D1, -D2,
-1, -F1, -F2, -G, and -W). These data indicate that the diversity
in the Vpma family is represented by a mosaic of structures
that is suggestive of homologous recombination events be-
tween vpma genes, gene duplication, and/or insertion-deletion
of repeated motifs. For instance, VpmaF1 and VpmaF2 share
a common block of 104 amino acids with VpmaK and VpmaX
and a common block of 85 amino acids with VpmaY that is not
found in VpmaK or VpmaX. Some Vpmas, such as VpmaD1
and -D2 or VpmaF1 and -F2, represent size variants of the
same Vpma with a variable number of repeated motifs at the
C terminus (e.g., VpmaD1 and -D2 contain 20 and 2 repeated
motifs of 15 amino acids, respectively). Additionally, Vpmal
may have a common ancestor with VpmaD1 and -D2 and can
be seen as the result of combined events, such as gene dupli-
cation followed by sequence drift and/or repeat expansion at
the 3’ end.

Anti-VpmaW and anti-VpmaY rabbit antibodies previously
produced against Vpma products of strain PG2 (8) also re-
acted with 5632 surface-exposed epitopes in colony immuno-
blots (Fig. 1) and revealed the presence of sectored colonies
characteristic of high-frequency variation in expression. Most
likely, 5632 Vpmas recognized by these antibodies correspond
to VpmaW and to VpmaF1 and/or -F2, which share blocks of
amino acids with PG2 VpmaY (Fig. 2).

To better define the Vpma products expressed by strain
5632, proteins that partitioned in Triton X-114 detergent were
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supplemental material). An asterisk indicates that the corresponding vpma gene is present in 5632 at both vpma loci.
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subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis followed by in-gel trypsin digestion and by LC-MS/
MS. The results showed that at least two specific peptides were
detected for 13 Vpmas (VpmaA, -B, -C, -D1, -E, -F1, -F2, -G,
-H, -1, -J, -X, and -W), indicating that these were expressed by
5632 during propagation (see Table S3 in the supplemental
material). While VpmaD1-specific peptides were detected, the
expression of VpmaD2 could not be assessed because all
VpmaD?2 trypsin peptides were also carried in VpmaD1 or
Vpmal. No peptides specific to Vpmal and VpmaK were
detected, although they possess long specific sequences of 225
and 129 amino acids, respectively (Fig. 2). Whether VpmaL
and VpmaK are expressed at low levels or under different
conditions cannot be determined. Finally, all Vpmas encoded
by locus I3, are duplicated at locus I35, and consequently,
their expression cannot be monitored by this method or by any
other method, such as Northern blot analysis, because their
sequences are also identical at the DNA level.

The global proteomic approach taken above is qualitative
and does not reflect the level of expression of each Vpma, two
of which are predicted to be expressed at high levels by the
clonal population, while others should reflect only a minority
of back-switchers. In PG2, the vpma locus contains a unique
promoter which drives the expression of the vpma gene local-
ized immediately downstream, while the other vpma genes
remain silent (16). This promoter region was more precisely
defined by primer extension by Flitman-Tene et al. (14), and a
similar sequence was detected in each locus of strain 5632.
Therefore, Vpma expression in 5632 is most likely driven at
each locus by a single promoter sequence which is highly con-
served between the two loci (99% nucleotide identity). In locus
L5632, the promoter sequence is located upstream of the vpmaB
gene, while in locus I3, it is upstream of vpmaA, suggesting
that these two Vpmas would be coexpressed predominantly by
the clonal population. However, in the absence of specific
antibodies, this hypothesis cannot be tested. One interesting
observation is that the length of a poly(T) tract located be-
tween the putative —35 and —10 boxes of the vpma promoters
varies among the three vpma promoters sequenced and is 14,
15, and 12 nt long for loci I of PG2 and 5632 and for locus II
of 5632, respectively (see Fig. S1 in the supplemental material).
In other variable mycoplasma systems, i.e., the VIp system of
M. hyorhinis, fluctuation in the length of the polynucleotide
tract between the —35 and —10 boxes has been shown to affect
transcription (12). Whether this is also the case for the M.
agalactiae species, and for strain 5632 in particular, cannot
currently be tested because of the complexity of the 5632 vpma
system. In PG2, DNA rearrangements are mediated by Xerl,
which recognizes a specific recombination site (RS) sequence
located upstream of each vpma gene. Indeed, analysis of the
5632 and PG2 vpma loci revealed that a rigorously identical RS
sequence is located upstream of each of the 29 vpma genes (23
in 5632 and 6 in PG2). This suggests that each vpma locus of
strain 5632 can independently undergo DNA rearrangements
and that the concomitant expression of two distinct Vpmas is
most likely to occur frequently in this strain. If so, 5632 could
theoretically display 91 different Vpma surface configurations,
compared to only 6 for the type strain PG2. In parallel, addi-
tional Vpma size variations by insertion or deletion of direct
repeats can further participate in altering surface architecture.
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TABLE 1. abiG-related gene products in Mollicutes and
other bacteria

Presence of sequence (% identity, %
similarity) related to Mycoplasma agalactiae

Strain strain 5632 sequence”
AbiGl-like AbiGllI-like
(MAGa8140) (MAGa8130)
M. agalactiae PG2 - -
M. bovis PG45 + (84.8, 93.6) + (81.1, 91.3)
M. mycoides mycoides SC PGl + (40.8, 59.2) + (41.8, 64.6)
M. mycoides mycoides LC GM12 + (41.7, 59.2) + (31.9, 51.6)
(Mmycm_04185) (Mmycm_04180)
+ (40.1, 58.5) + (32.6, 50.9)

(Mmycm_00130) (Mmycm_00135)
Other Mollicutes strains - -
Streptoccus agalactiae H36B
Streptococcus suis 05ZYH33

Non-Streptococcus spp.

+ (40.2, 58.3) + (41.2, 65.3)
+ (41.2, 58.3) + (40.4, 66.3)
+ (<40, not available) + (<40)

“ +, presence of homologous sequence; —, absence of homologous sequence
in public databases (as of June 2008). Identity and similarity percentages be-
tween amino acid sequences were obtained using the Needle alignment program
(http://mobyle.pasteur.fr/cgi-bin/portal.py).

Evidence of horizontal gene transfer at the vpma locus of
5632. As mentioned earlier, M. bovis is a close relative of M.
agalactiae and generates surface variation by using a very sim-
ilar genetic system, designated the vsp gene family. Both the
vsp and vpma systems have several common features, including
(i) vsp or vpma related genes are clustered in close proximity to
a conserved recombinase gene (32); (ii) the recombination site
involved in DNA rearrangements is identical, except for a
single nucleotide polymorphism that is conserved in each spe-
cies; and (iii) vpma or vsp genes code for proteins having a
signal peptide that is highly conserved between the two sys-
tems. Unlike the PG2 vpma loci, the vpma loci of 5632 are
associated with IS elements, as in M. bovis (23), and one, locus
15630, contains two non-vpma genes, abiG; and abiG;, that
have 86.97 and 85.15% overall DNA identity with two M. bovis
ORFs, ORF4 and ORFS5 (23), respectively, located in the vsp
locus. A search of the databases revealed that abiG and abiG;
from strain 5632 also match with gene products annotated as
conserved hypothetical products in Mycoplasma mycoides
subsp. mycoides biotype LC strain GM12 (22) and M. mycoides
subsp. mycoides SC strain PG1 (49), with >50% amino acid
similarity in the global alignment (Table 1). While abiG ho-
mologs are present in several gram-positive bacteria, such as
Streptococcus agalactiae and Streptococcus suis (6, 45), none
was found in other Mollicutes sequences available in the data-
bases, which included 21 complete genomes.

The abiG, and abiG; genes were first described for Lac-
tococcus lactis subsp. cremoris UC653 (28), where they occur
as an operon carried by a conjugative plasmid and confer
resistance to phage infection (29). Detection by LC/MS-MS
of AbiGlI-like specific peptides in the Triton X-114 deter-
gent phase of 5632 indicates that the corresponding abiGy;
gene is expressed, although there is no hydrophobic domain
that could account for this partitioning. Previous attempts to
define the functions of abiG; and abiG,; of Streptococcus
species failed (44), and whether abiG homologues found in
mycoplasmas have a role in protecting them against phage
attack remains to be addressed. Nevertheless, comparison of
AbiGI and AbiGII amino acid sequences by constructing
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neighbor-joining trees (500 bootstraps) indicated a strong rela-
tionship between Mycoplasma and Streptococcus sequences, sug-
gesting that their corresponding genes might have undergone
horizontal gene transfer (see Fig. S2 in the supplemental ma-
terial).

To further define the occurrence of the two abi genes in M.
agalactiae, a collection of 92 strains representative of (i) vari-
ous geographical areas and (ii) various histories (see Table S1
in the supplemental material) was screened by PCR for the
presence of abiG genes, using the specific primer pairs aiplF-
aipIR and aip2F-aip2R. PCR products corresponding to each
gene were obtained for 11 strains of 92 total strains. Further
PCR assays showed that like the case for Streptococcus agalac-
tige, the two abiG genes always occur next to each other.
Interestingly, direct genome sequencing of six abiG-positive
strains, using aip2F2 as a primer, showed that the abiG; gene
is always associated with vpma genes. Because strains display-
ing abiG genes in their vpma loci have very different geograph-
ical origins (Ivory Coast, Spain, and France), this result raised
the question of whether these genes were inherited vertically
from an M. agalactiae/M. bovis common ancestor or whether
the vpma locus is a hot spot for their insertion. Since the vpma
locus is frequently subjected to DNA rearrangements, deletion
of abiG genes by intrarecombination involving, for instance,
vpma-RS sequences, may easily have occurred, resulting in
abiG-negative strains.

Plasticity of M. agalactiae vpma loci. To define whether the
occurrence of the two vpma loci observed in strain 5632 is
common among M. agalactiae strains, a PCR assay was per-
formed with primer pairs xerF-phydR, xerF-agpR, and Mag2F-
agpR, which yield amplicons corresponding to either locus I or
IT of PG2 and/or 5632. More specifically, the primer pairs
xerF-phydR and xerF-agpR target the 3’ ends of the loci, which
are not affected by vpma rearrangements, while Mag2F and
agpR were designed to amplify a more or less empty locus II
under our PCR conditions. The assay was conducted with the
panel of 92 strains (see above). The results showed that 89
strains produced an amplification profile identical to that ob-
tained with PG2, while 3 showed new profiles, none of which
was identical to that obtained with 5632 (Fig. 3). Sequencing of
PCR products or selected genomic regions showed that (i)
strain 13628, like 5632, contains an IS element at locus I while
displaying a locus II similar to that of PG2; and (ii) strains
13375 and 4025, like PG2, display no IS at locus I while car-
rying a locus II containing one or more IS but no vpma genes,
with strain 4025 having an IS30-like insert in an ISMagl ele-
ment. These data suggest that the occurrence of a vpma cluster
at locus II is a rare event and has so far been observed only in
strain 5632, while the occurrence of vpma genes at locus I is
shared by all M. agalactiae strains tested so far.

The presence of an ISMagl element in close proximity to
vpma locus I in 5632 is not an isolated event, since it is
shared by at least one other strain, 13628, which unlike 5632,
was isolated in France in 2003 from a goat ear canal. ISMag!
belongs to the IS30 family (31), which generates, when in-
serting itself into a host genome, a direct repeat that flanks
the IS (25). Indeed, ISMag! of locus I is flanked in 5632 and
in 13628 by an identical 14-nt directly repeated sequence
(Fig. 3), suggesting that its insertion most likely occurred in
an ancestor common to the two strains. Interestingly, the
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14-nt element found on each side of the IS of locus 11,5555
(Fig. 3) is also repeated in locus Ils45, as if flanking the
whole locus, including the IS. Because no other 14-nt di-
rected repeat is found in the vicinity of the two IS, this
suggested the introduction of the vpma cluster at locus 1545,
via a duplication-insertion mechanism involving a circular
intermediate carrying a set of vpma genes together with an
ISMag!l element (Fig. 4). In this scenario, the duplicated
vpma genes would have first clustered at one end of locus I
via a series of DNA recombination events. In a second step,
part of locus I, including xer! and ISMagl, would have been
duplicated and circularized to finally recombine at locus II
via a single crossover between the IS elements. One argu-
ment in favor of the occurrence of the circular form is that
a PCR product was obtained with strain 5632, using out-
wardly oriented primers pvlR and xerF, and its partial se-
quencing revealed the presence of an ISMagl element next
to a sequence “c,” usually found next to the promoter (Fig.
4). Whether this result really reflects a duplication-excision
event of part of vpma locus I and whether the circular form
can reinsert itself elsewhere in the genome have still to be
demonstrated formally. Nevertheless, the 100% nucleotide
identity observed between loci I and II of 5632 indicates that
this duplication event occurred relatively recently.
Conclusions. A number of sophisticated genetic systems
devoted to high-frequency surface variation have been de-
scribed for mycoplasma species. Many of these systems ap-
pear as small sets of species-specific genes, which are nearly
identical in all of the isolates and are clustered at one locus.
The clustering of these genes has been proposed to facilitate
recombination events which generate diversity, and theoret-
ically, a wide range of surface diversity can be produced with
only a few genes, particularly as they are prone to internal
rearrangements of their sequences. Our characterization of
a new set of vpma genes in an M. agalactiae field isolate
(5632) illustrates this point. This new repertoire is far more
complex than that first described for the PG2 type strain and
represents a mosaic of structures that is suggestive of ho-
mologous recombination events between vpma genes, gene
duplication, and/or insertion-deletion of repeated motifs
(see Fig. S3 in the supplemental material). This opens the
question of the true diversity in equivalent variable systems
from mycoplasmas with apparently few variable genes, most
of which have been sequenced from type strains. Field or
clinical isolates have the potential to reveal greater-than-sus-
pected diversity in variable gene repertoires, which could be
useful to design molecular probes for epidemiology studies.
One of the most interesting findings of our study was the
occurrence of duplicated vpma loci in strain 5632. Because one
vpma locus can express only a single vpma gene per cell, the
consequences of such an event are tremendous in terms of
variability because it allows concomitant expression and, in
turn, multiplies the number of possible surface combinations.
Our data suggest that this situation most likely resulted from
the duplication of one 5632 vpma region at a remote chro-
mosomal position (250 kbp away) and that it involves IS
elements. The role of such mobile genetic elements in chro-
mosomal shuffling of genes encoding major surface compo-
nents may have important evolutionary and epidemiological
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FIG. 3. Comparison of vpma loci or their counterparts in M. agalactiae strains PG2, 5632 13628, 13375, and 4025. Pictures represent the
amplification of locus I and/or II by use of primers xerF-phydR, xerF-agpR, and Mag2F-agpR, whose positions are indicated in the
schematics by arrowheads. Schematics represent vpma locus I and vpma locus II or its counterpart. Brackets indicate vpma gene cluster
localization next to the xer! gene (filled black arrow). IS elements (ISMagl or 1S30-like) are indicated by hatched boxes or boxes with wavy
lines. Lines traced between primers symbolize the PCR amplicons obtained, with asterisks indicating those which were directly sequenced.
White bars below the loci indicate regions that were directly sequenced using genomic DNA. Small letters (a, b, ¢, and d) represent the 14-nt

sequences that flanked the IS.
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FIG. 4. Scenario of duplication-insertion of strain 5632 vpma genes from locus I to locus II via a circular intermediate. Schematics illustrate
a putative scenario in which the vpma cluster of 5632 at locus II originates from locus I by a mechanism of duplication-insertion involving a circular
intermediate and IS elements. Small bars with a letter below represent 14-nt sequences (a, b, and c¢) flanking the ISMag! element either after an
insertion event (a and b) or after a homologous recombination event (c). The dotted arrow indicates the clustering process for seven vpma genes
at one end of locus I, starting from the current configuration. It represents a series of an unknown number of possible DNA rearrangements.
Asterisks indicate duplicated vpma genes. The gel picture shows PCR amplification of the circular intermediate obtained using primers xerF and
pv1lR, with strain 5632 crude DNA extract as the template.
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